The date palm hopper, Ommatissus lybicus de Bergevin, is one of the most important pests of the date palm in the Middle East and North Africa. This insect uses its needle-like sucking mouthparts to feed on phloem, which is devoid of most essential amino acids and many vitamins. The absence of essential nutrient in its diet is suggested to be ameliorated by endosymbionts in O. lybicus. Arsenophonus is one of the main bacterial endosymbionts widely prevalent in O. lybicus. In this study, we used antibiotics to eliminate Arsenophonus from O. lybicus originating from three populations (Fin, Qale'e Qazi, and Roodan) and studied the effects on the fitness of the pest. Our results revealed that the removal of Arsenophonus increased the developmental time of the immature stages and reduced the values of different life-history parameters including nymphal survival rate and adult longevity in the host. Furthermore, elimination of Arsenophonus completely obliterated offspring production in all O. lybicus populations investigated. These results confirm the dependency of O. lybicus on Arsenophonus for fitness and give a new insight regarding the possibility of symbiotic control of O. lybicus.
The date palm hopper, Ommatissus lybicus de Bergevin, is a destructive pest afflicting date palm. Both nymphs and adults of O. lybicus feed on phloem and cause serious damage to date palms. In heavy infestations, O. lybicus produces large amounts of honeydew, causing prolific growth of sooty mold and resulting in decreased photosynthetic activity of date palms (Howard 2001) .
Auchenorrhyncha insects have needle-like sucking mouthparts for feeding on plant sap. This diet is rich in carbohydrates, but usually lacks amino acids and vitamins. Hence, most Auchenorrhyncha are associated with obligatory symbiotic bacteria that provide their hosts with essential nutrients and are transmitted vertically from mother to the offspring (Bressan et al. 2009 , Ratzka et al. 2012 , Urban and Cryan 2012 . The obligatory symbiotic bacteria frequently reside in specialized cells known as bacteriocytes (Matsuura et al. 2012 ). In addition to obligate endosymbionts, Auchenorrhyncha also contain a diverse array of facultative bacterial endosymbionts such as Arsenophonus, Cardinium, Wolbachia, and Rickettsia (Sacchi et al. 2008 , Ishii et al. 2013 , Hong-Xing et al. 2015 . These bacteria can be found either in bacteriocytes or in other cells throughout the insect body (Moran and Telang 1998) ; in most cases, they are primarily maternally transmitted (Feldhaar 2011) . Facultative endosymbionts can impose a variety of positive effects on their host, such as increased thermal tolerance (Dunbar et al. 2007 ), pathogen and parasitoid resistance (Brownlie and Johnson 2009) , and host plant specialization (Tsuchida et al. 2004 ). In addition, some facultative symbiotic bacteria such as Wolbachia and Cardinium can change the reproductive behavior of the host and cause some manipulations such as cytoplasmic incompatibility (Zhang et al. 2012) , parthenogenesis , Zchori-Fein et al. 2001 , and feminization , Giorgini et al. 2009 ).
An interesting recent discovery in that obligate nutritional symbiosis in Auchenorryncha is very dynamic. Although most Auchenorryncha appear to host two ancient lineages of obligate symbionts, consisting of Sulcia and a Betaproteobacterial symbiont, one or both of these have been repeatedly lost and replaced by other symbionts. However, in many Auchenorrhynchan lineages, which lineage or lineages are the obligate symbionts, and how other (i.e., facultative) symbionts affect host biology is not yet known.
We previously screened for endosymbionts in O. lybicus (Karimi et al. 2018) . We confirmed the presence of the ancient obligate symbiont Sulcia, but did not find evidence for infection by the Betaproteobacterial symbiont (which is referred to as Vidania, Zinderia, or Nasuia, in different Auchenorrhyncha) . We also identified Wolbachia, Arsenophonus, and Enterobacter as secondary endosymbionts in O. lybicus. Arsenophonus, in the Gammaproteobacteria, is a very diverse symbiotic lineage (Wilkes et al. 2011) . Although most Arsenophonus strains appear to be facultative, including strains that provide protection (Hansen et al. 2007) , affect host specialization (Wagner et al. 2015) , or manipulate host reproduction through male killing (Ferree et al. 2008) , some strains of Arsenophonus may behave as obligate symbionts (Dale et al. 2006 , Nováková et al. 2015 . In the present study, we aimed to determine the effect of Arsenophonus on O. lybicus fitness. To this end, we used antibiotics to remove Arsenophonus and then compared the demographic parameters between Arsenophonus-infected and Arsenophonus-free O. lybicus.
Identification of endosymbionts and quantification of their effects on the life history of their insect hosts is a necessary first step toward attempting to target symbionts as a biological control approach (Gonella et al. 2011 , Ricci et al. 2012 ).
Materials and Methods

Host Plant
All experiments were carried out on the Shahani cultivar, one of the main commercial date palm cultivars in southern Iran. Palm seedlings were prepared at Hormozgan Research Center for Agriculture and Natural Resources and used for culturing O. lybicus. The seedlings were potted in 28-cm-diameter plastic pots filled with autoclaved soil. All the potted plants were maintained under laboratory conditions at 27 ± 2°C, 60 ± 5% RH, and a photoperiod of 14:10 (L:D) h without fertilizer or pesticides. All O. lybicus cultures and experiments were conducted under the same conditions.
Ommatissus lybicus
Specimens of three O. lybicus populations vary in damaging rate were collected from Fin (longitude 55° 53′ E; latitude 27° 37′ N), Qale'e Qazi (longitude 56° 54′ E; latitude 24° 45′ N), and Roodan (longitude 57° 13′ E, latitude 27° 44′ N), Hormozgan province, Iran. Based on the local evidence and reports available in the Plant Protection Department of Agricultural Organization of Hormozgan province (Iran), Fin and Qale'e Qazi are considered as aggressive populations and they were subjected to spraying treatment annually by synthetic chemicals whereas the Roodan population is not as aggressive and has not been treated with chemicals. In each of these areas, nymphs and adults were collected from infested date palm orchards using an aspirator taken into the lab and propagated on the Shahani seedling for one generation before the experiment.
DNA Extraction
The cetyl trimethylammonium bromide protocol described by Reineke et al. (1998) was used to extract total genomic DNA. Quality and quantity of the DNA were estimated using NanoDrop (Nano-200; HANGZHOU ALLSHENG INSTRUMENTS; www. allsheng.com) and confirmed by visualization on 1% agarose gels. The extracted DNA was stored at −20°C until further use.
PCR Assay
We used PCR for detection of bacterial endosymbionts. From each population, 10 randomly selected individuals were checked for different bacterial endosymbionts using universal and specific primer pairs (Table 1 ). All PCR reactions were performed in a total volume of 30 µl containing 15 µl buffer mix, 1 µl of each forward 
Feeding Chambers
Last-instar O. lybicus from each population were collected from the colony using a vacuum aspirator and transferred individually into cages, which enclosed a single date leaf disk. The leaf-disk cage consisted of a transparent plastic cylinder (8 cm in diameter and 23 cm in height), of which both sides were covered with a fine mesh net to provide ventilation. The newly emerged adults were sexed and allowed to feed. The experiments were run in different Plexiglas containers (10 cm diameter and 15 cm height), of which one side was closed with a fine mesh net and the other was closed with a duplex stretched parafilm (containing artificial diet). The antibiotic tetracycline was administered to adult O. lybicus through the parafilm membrane.
Tetracycline Treatment
The artificial diet consisted of 20% sucrose and 50 µg/ml of tetracycline dissolved in double-distilled water. To obtain the Arsenophonus-free progeny, the adults of O. lybicus were allowed to feed on the tetracycline-containing diet for 48 h. The adults in control groups were fed with a tetracycline-free diet. Each treatment was replicated four times, each replicate consisting of 10 individuals. To check Arsenophonus elimination and presence of other detected bacterial endosymbionts (including Sulcia, Wolbachia, and Enterobacter), 10 randomly selected adult individuals and their F1 progenies from each treatment and control group were tested using specific primer pairs. Arsenophonus was the only one of the four common bacterial endosymbionts that appeared to be eliminated by the tetracycline treatment. 
Age-Stage, Two-Sex Life Table
The raw life-history data of all individuals were analyzed based on the age-stage, two-sex life table theory (Chi 1988 ) using the TWOSEX-MSChart program (Chi 2016) . We calculated the agestage specific survival rate (s xj ; probability that a newborn will survive to age x and stage j, age-stage specific fecundity (f xj ; daily number of eggs produced per female of age x), the age-specific survival rate (l x ), age-specific fecundity (m x ; daily number of eggs produced per individual), age-stage life expectancy (e xj ; the length of time that an individual of age x and stage j is expected to live), reproductive value (v xj ; the contribution of individuals of age x and stage j to the future population), preoviposition period of the adult female (APOP), and total preoviposition period (TPOP) of the female from birth. The age-specific survival rate included both males and females and was calculated as follows:
and
where k is the number of the stages. The population growth parameters including the intrinsic rate of increase (r), the finite rate of increase (λ), the net reproductive rate (R 0 ), and the mean generation time (T) were calculated. The intrinsic rate of increase was estimated using the iterative bisection method from the following equation:
with age indexed from 0 to ω (maximum age). The net reproductive rate (R 0 ) is calculated as (Goodman 1982) :
The mean generation time is defined as the length of time that a population needs to increase to R 0 -fold of its size as the population reaches the stable age-stage distribution and is calculated as T = lnR 0 /r.
A bootstrap procedure was used to estimate the variance and standard errors of the population parameters (Efron and Tibshirani 1993, Huang and Chi 2013) . Student's t-test was used to determine differences in developmental time, fecundity, and population parameters between the A + and A − groups of each studied populations.
Results
Endosymbiont Diversity
The PCR assay and subsequent sequencing analyses confirmed the presence of a primary endosymbiont, Sulcia muelleri (Bacteroidetes), and three secondary endosymbionts, Wolbachia sp. (Alphaproteobacteria), Arsenophonus sp. (Gammaproteobacteria), and Enterobacter sp. (Gammaproteobacteria). All detected endosymbionts exhibited 100% infection rate in Fin, Qale'e Qazi, and Roodan populations.
Arsenophonus Elimination in O. lybicus
The PCR assay showed complete elimination of Arsenophonus in the adults and nymphal instars of O. lybicus 48 h after feeding on the tetracycline incorporated diet. However, tetracycline did not eliminate the other endosymbionts, S. muelleri, Wolbachia, and Enterobacter, and their frequency rate remained unchanged in the studied populations. This was confirmed by PCR assay.
Effect of Arsenophonus Elimination on Preadult Developmental Time and Survival Rate of O. lybicus
The effect of Arsenophonus elimination on the preadult developmental time of O. lybicus is shown in Table 2 . The duration of the egg, and first and second nymphal instars was all significantly prolonged by the tetracycline treatment. Elimination of Arsenophonus also significantly increased third and fourth nymphal instar duration in the Fin and Qale'e Qazi populations and fifth nymphal instar duration in the Fin and Roodan populations.
The nymphal and total development time were significantly higher in the F1 progenies of A − groups than that of A + groups in Fin and Qale'e Qazi populations. All preadult individuals of A − group in the Roodan population died before fifth nymphal instar. The agestage specific survival rates (s xj ) of the A + and A − groups are shown in Fig. 1 . The curves of age-stage survival rate (s xj ) show the probability that a newborn will survive to age x and stage j. The survival curves depict the survival and stage differentiation process of the cohort. In addition, the overlap of stages during the developmental time can be observed in Fig. 1 . The probability that a newly hatched O. lybicus in A + groups would survive to the adult stage was 0.70, 0.62, and 0.46 for Fin, Qale'e Qazi, and Roodan, respectively. The value of this parameter was 0.04, 0.08, and 0.08 for newly hatched O. lybicus in A − groups of Fin, Qale'e Qazi, and Roodan, respectively.
Effect of Arsenophonus Elimination on Longevity, Preoviposition, and Oviposition Periods and Fecundity of O. lybicus
Results indicated that in Arsenophonus-cured groups, female and male adult longevity was affected in Fin and Roodan populations. The mean female adult longevity of F1 progeny in control groups of Fin and Roodan was 33.78 and 24.18 d, respectively, whereas in the tetracycline treated group (A − ) of Fin, the females had averagely 15.00 d longevity and in Roodan, no female was produced. However, A − and A + groups of Qale'e Qazi had no significant difference in terms of female and male adult longevity. The total lifespan of F1 progenies was significantly different between A − and A + groups in Qale'e Qazi (179.25 and 145.73 d) and Roodan (0.00 and 153.00 d) populations. As F1 adults of A − groups had no fecundity, APOP, TPOP, and total fecundity parameters were recorded as 0.00 for all the studied populations. Means of total offspring per female were 54.52, 48.33, and 31.50 for females of A + groups in Fin, Qale'e Qazi, and Roodan, respectively (Table 3) .
The age-specific survivorship (l x ) shows the probability that a newborn individual will survive to age x. Because only A + females produced offspring, the age-specific survivorship (l x ) and age-stage specific fecundity (f xj ) of A + groups are shown in Fig. 2 . This plot shows that A + F1 individuals of Fin, Qale'e Qazi, and Roodan populations could successfully survive and reproduce on Shahani date palm cultivar under laboratory conditions.
Effect of Arsenophonus Elimination on Population Parameters of O. lybicus Populations
As shown in Table 4 , population parameters of F1 progenies in Arsenophonus-cured populations were affected drastically and A − females of Fin, Qale'e Qazi, and Roodan populations produced no progeny. So, all population parametres (r, λ, R 0 , and T) were recorded as zero for the abovementioned populations. The values of these parameters for A + groups are shown in Table 4 .
Discussion
Most Auchenorrhyncha harbor two obligate nutritional endosymbionts, a betaproteobacterial symbiont and S. muelleri. The betaproteobacterial symbiont has been replaced in some Auchenorrhyncha, e.g., 'Candidatus Baumannia cicadellinicola' (Gammaproteobacteria) in the subfamily Cicadellinae (Takiya et al. 2006) , 'Candidatus Hodgkinia cicadicola' in cicadas (McCutcheon et al. 2009 ), and Sodalis (Enterobacteriaceae) in some spittlebugs (Koga et al. 2013) . Similarly, it was replaced by a yeast-like fungal symbiont of the genus Ophiocordyceps in the subfamily Ledrinae (Cicadellidae), and some ledrine species even lost Sulcia in addition (Nishino et al. 2016) .
In our study, the increased development time and reduced survival rate of Arsenophonus-cleared O. lybicus are consistent with the crucial role of Arsenophonus in synthesizing essential nutrients for O. lybicus and could be another example of symbiont replacement in Auchenorrhyncha insects. Nováková et al. (2016) using genome sequencing indicated that Candidatus Arsenophonus lipopteni as an obligate symbiont of the blood-sucking fly Lipoptena cervi (L.) (Diptera: Hippoboscidae) possesses complete gene sets to biosynthesize three B vitamins, riboflavin (B2), pyridoxine (B6), and biotin (B7). Similarly, the whole-genome sequencing of Arsenophonus isolated from O. lybicus could be useful to confirm the possible role of this bacterium in synthesizing essential amino acids for this insect.
Several studies have indicated that some insect groups harbor just monophyletic clusters of Arsenophonus, which may be a sign of coevolution between the host and its primary symbiont. Numerous such groups can be seen in the dipteran families Hippoboscidae and Streblidae (Trowbridge et al. 2006 ) and in lice species (Sasaki-Fukatsu et al. 2006 , Nováková et al. 2015 , Šochová et al. 2017 showed that all belong to the same clade that grouped with an obligate strain of this bacterium which was in association with the family Hippoboscidae (accession no. KX790335 and KY908367-KY908379; S. Karimi et al., unpublished data) , suggesting the potential capability of Arsenophonus for shifting from facultative phase to obligatory lifestyle in O. lybicus.
Results of the present study showed tetracycline to eliminate Arsenophonus from its host O. lybicus. Moreover, we found that other bacterial endosymbionts associated with O. lybicus were not eliminated by tetracycline (50 µg/ml for 48 h) neither in directly treated O. lybicus nor in the F1 generation. A number of different studies have cured insects of Arsenophonus using tetracycline in the diet (Ruan et al. 2006 , Ahmed et al. 2010 , Raina et al. 2015 . Tetracycline inhibits protein synthesis through blocking the binding of aminoacyl-tRNA in the A-site on the 30S bacterial ribosome (Ahmed et al. 2010) .
The effect of antibiotics on endosymbionts depends highly on the species of endosymbiont (Ahmed et al. 2010 ), dose of antibiotics, and treating duration. Previous studies have shown that different insect species need to be treated with different doses of tetracycline over one or more than one generation to loss Wolbachia (Li et al. 2014) . Noda et al. (2001) used 1 mg/ ml tetracycline for two generations to cure Wolbachia infection in the small brown planthopper, Laodelphax striatellus (Fallén) (Hemiptera: Delphacidae). Tetracycline in 0.5 mg/ml dosage has been used to eliminate Wolbachia in Sogatella furcifera (Horváth) (Hemiptera: Delphacidae) by Nakamura et al. (2012) , which is much higher than what was used in the current study (50 µg/ml) to remove Arsenophonus in O. lybicus. This may be one of the reasons why other bacterial endosymbionts were not affected by the tetracycline. Short treating duration (48 h) can be another reason why the other endosymbionts remained unchanged.
In Fin and Qale'e Qazi, although some female individuals were produced in the treated populations, all were completely sterile and produced no progeny. This was different in the Roodan population where all nymphs died before reaching the adult stage and no adult individual was produced. Discrepancy in results of the endosymbiont elimination in the O. lybicus populations can be related to either difference in strain of Arsenophonus, difference in genetic pattern of the studied populations, or other unknown influential factors, which needs to be more studied.
Each of the three O. lybicus populations we studied was fixed for the Arsenophonus infection. High-frequency occurrence of Arsenophonus in the genetically different populations of O. lybicus ) was reported previously by Karimi et al. (2018) . The widespread prevalence of the association between O. lybicus and Arsenophonus further strengthens the case for its use in endosymbiont-mediated control programs.
Although much work has been done on the biological role of different bacterial endosymbionts on their hosts (Brumin et al. 2011 , Nakamura et al. 2012 , Zhang et al. 2012 , Su et al. 2013 , the biological and ecological roles of Arsenophonus in many cases have been remained relatively unexplored. The outcome of the present study into the role of Arsenophonus in O. lybicus is in line with other studies emphasizing the significant role Arsenophonus in the insect hosts. For instance, Wulff and White (2015) showed increased population parameter values in the soybean aphid associated with Arsenophonus compared with those that lost the infection, regardless of soybean species. In another study, Ayoubi et al. (2018) showed that reduction of Arsenophonus in Aphis gossypii (Glover) (Hemiptera: Aphididae) negatively affected demographic parameters of this pest. By contrast, negative effects of Arsenophonus infection were reported by Raina et al. (2015) , who observed that Arsenophonus-free whiteflies had higher fecundity, survival rate, and adult longevity compared with infected whiteflies. In O. lybicus, however, Arsenophonus improves host fitness, so that its elimination results in O. lybicus becoming unable to produce any progeny or new generations. Table 4 . Age-stage, two-sex life table parameters (days) of F1 offspring from three Ommatissus lybicus populations under control conditions (A + ) or after antibiotics-treatment of the parents (A − ) R 0 (offspring/individual) r (d −1 ) λ (d −1 ) T (d)
Fin
Treated (A − ) 0.00b* 0.00b 0.00b 0.00 b Control (A + ) 20.79 ± 3.82a 0.0219 ± 0.0013a 1.0222 ± 0.0014a 137.18 ± 1.09a Qale'e Qazi Treated (A − ) 0.00b 0.00b 0.00b 0.00b Control (A + ) 17.37 ± 3.51a 0.0205 ± 0.0015a 1.0207 ± 0.0015a 137.99 ± 0.95a Roodan Treated (A − ) 0.00b 0.00b 0.00b 0.00b Control (A + ) 10.05 ± 2.22a 0.0157 ± 0.0016a 1.0156 ± 0.0016a 147.29 ± 1.40a *Means in each column followed by different letters are significantly different (n = 50; P < 0.05; paired bootstrap). R 0 (net reproductive rate); r (intrinsic rate of population increase); λ (finite rate of population increase); T (mean generation time).
